Enterocytozoon bieneusi is clinically the most significant among the microsporidia infecting humans, causing chronic diarrhea, wasting, and cholangitis in individuals with human immunodeficiency virus/AIDS. The lack of immune reagents is largely due to the absence of methods for laboratory propagation of E. bieneusi. We recently described a procedure for the concentration and purification of spores from diarrheic stool of infected humans. Purified spores were used to immunize mice for production and screening of monoclonal antibodies (MAbs) against E. bieneusi. The eight immunoglobulin M MAbs generated and fully characterized did not cross-react with other human microsporidia or with other microorganisms normally present in stool. One of the MAbs, 2G4, reacted with E. bieneusi spores in stools from monkeys and humans, without background fluorescence, which makes it an ideal diagnostic reagent. It also recognizes intracellular stages of the parasite and will be suitable for determining tissue distribution of E. bieneusi in infected hosts. At least two immunodominant antigens of E. bieneusi of 33,000 and 35,000 Da exist, which were recognized by rabbit and mouse antisera. The availability of MAbs against E. bieneusi will simplify considerably the diagnosis of this infection in humans and will provide tools for epidemiologic investigations regarding the true prevalence of the infection in various human and mammalian populations and the environmental sources of infection.
Enterocytozoon bieneusi, an emerging enteric protozoon, is clinically the most significant among the microsporidia infecting humans and is linked to chronic diarrhea, wasting, and cholangitis in individuals with human immunodeficiency virus/ AIDS (5, 6, 23) and those receiving immunosuppressive therapy (13, 28) . The infection was first identified two decades ago in individuals with AIDS with severe symptoms of chronic diarrhea and wasting (10) . E. bieneusi is rarely symptomatic in immunocompetent individuals, but it may contribute to traveler's diarrhea (11) . Like all other microsporidia, E. bieneusi is an intracellular microorganism, which infects the epithelium of the upper small intestine and the hepatobiliary tract (31) .
Scientific progress on E. bieneusi has been slow, largely because of lack of in vitro and in vivo models for parasite propagation for laboratory investigations. Also, the identification and purification of large quantities of spores, the environmentally resistant infective form, from feces were technically challenging because of the size and shape of the E. bieneusi spores (1.1 to 1.6 by 0.7 to 1.0 m). A limited degree of infectivity by E. bieneusi of cultured cells was reported, (30) . Natural infections of immunologically competent and immunodeficient macaques have been reported, with distribution of the infection and lesions in the gastrointestinal tract similar to those seen in infected humans (8, 9, 19, 20, 24) . E. bieneusi has been suc-cessfully transmitted from AIDS patient to simian immunodeficiency virus (SIV)-infected macaques (12, 29) and to immunosuppressed gnotobiotic piglets (18) . However, in both models the infection was asymptomatic and very mild and the excretion of spores in the feces was sparse and intermittent. These models provided insufficient spores for laboratory investigations. The lack of sources of E. bieneusi spores also limited the ability to generate immune reagents. Consequently, diagnosis until now depended on PCR-based methods, which is time consuming and requires sophisticated skills and equipment. Two monoclonal antibodies (MAbs) specific for E. bieneusi from Europe have been described (1), but they are unavailable to other investigators. We recently described a method for concentration and purification of E. bieneusi spores from human stool and the production of specific polyclonal antibodies against E. bieneusi (27) . Here we describe production and characterization of specific MAbs against E. bieneusi spores of human origin.
MATERIALS AND METHODS
E. bieneusi spores. Stools from individuals with chronic watery diarrhea were collected in disposable plastic containers at Mulago Hospital, Kampala, Uganda. The samples were screened for the presence of E. bieneusi spores, and spores were purified from positive stools as described elsewhere (27) .
MAb production and isotyping. Female BALB/c mice 6 to 8 weeks old were primed by an intraperitoneal (i.p.) injection of 3 ϫ 10 7 spores (frozen-thawed five times) emulsified in complete Freund's adjuvant (Difco Laboratories). The same dose emulsified in incomplete Freund's adjuvant (Difco Laboratories) was administered i.p. 14 and 28 days later. A fourth i.p. administration with 3 ϫ 10 7 spores in phosphate-buffered saline (PBS) was performed 14 days after the third immunization. Mouse spleen cells on fourth day after the last immunization were used for fusion with Ag 8.653 myeloma cells. Hybridoma supernatants were screened by immunofluorescence. Positive hybridomas were cloned three times.
Isotyping was determined by indirect enzyme-linked immunosorbent assay. Briefly, a mixture of goat anti-mouse kappa and lambda light chain antibodies (Southern Biotechnology Associates, Birmingham, AL) was used to coat the enzyme-linked immunosorbent assay plates to capture MAbs in culture supernatants. The isotype of each MAb was detected by horseradish peroxidaseconjugated goat anti-mouse immunoglobulin isotype-specific antibodies. The assay plates were developed as described elsewhere (26) .
Immunofluorescence (IF) and confocal microscopy. Smears from feces and from purified E. bieneusi spores were dried and heat fixed over flame. Smears were blocked with 2% bovine serum albumin in PBS for 20 min at room temperature, washed with PBS, and then incubated with primary antibody (hybridoma supernatants or rabbit anti-E. bieneusi serum at various dilutions in PBS) for 30 min at room temperature. Smears were washed and incubated with either goat antimouse immunoglobulin G (IgG) plus goat antimouse IgM ( chain specific) or goat antirabbit IgG conjugated with Alexa 488 (Molecular Probes, Eugene, OR) at a dilution of 1/500 in PBS for 30 min at room temperature. Slides were washed and dried, and coverslips were mounted with aqueous mounting medium with antifading compound (1,4-diazobicyclo(2,2,2)-octane; Sigma, St. Louis, MO). Slides were examined by using a fluorescence microscope, and images were captured by confocal microscopy.
The impact of methanol, paraformaldehyde, or acetone fixation on spores. Smears of purified E. bieneusi spores were dried and fixed with either methanol, ice-cold acetone, or 4% paraformaldehyde for 10 min. Immunofluorescence was then performed with the MAbs and polyclonal antibodies as described above.
Deglycosylation of spores. Spores were treated with sodium periodate to eliminate carbohydrate epitopes, as described elsewhere (32) . Briefly, spores were washed with 50 mM sodium acetate buffer (pH 4.5) and then exposed to 20 mM sodium periodate in 50 mM sodium acetate buffer, pH 4.5, for 1 h at room temperature in the dark. Following a wash with 50 mM sodium acetate buffer, the spores were incubated with 50 mM sodium borohydride in PBS for 30 min at room temperature. Spores were washed with PBS and then used in IF for reactivity with the MAbs. IF was also performed with spores that were deglycosylated enzymatically using Glyko enzymatic deglycosylation kits GK80110 and GK80115 (Prozyme, San Leandro, CA). Glyko enzymatic deglycosylation kit GK80110 removes N-linked and simple O-linked carbohydrates. Glyko enzymatic deglycosylation kit GK80115 removes complex O-linked carbohydrates. To remove N-and O-linked carbohydrates, spores were incubated with enzymes in the kit for 4 h, 24 h, and 5 days. Spores after each time point were washed with PBS and then used in immunofluorescence for reactivity with the MAbs.
The impact of storage on MAbs. MAbs were dispensed, and aliquots were stored at 4°C and Ϫ70°C. Reactivity of these MAbs with E. bieneusi spores was tested by immunofluorescence monthly for 3 months.
Identification of E. bieneusi in infected tissue. Immunohistochemistry for the localization of E. bieneusi in tissue was performed on formalin-fixed, paraffinembedded liver tissue of SIV-infected rhesus macaques (Macaca mulatta). These animals were known to be infected with E. bieneusi, as established by examination of gall bladder and small intestine at necropsy and excretion of spores in feces. Tissue sections were cut at 5 m and immunostained by use of an avidinbiotin-horseradish peroxidase complex technique with diaminobenzidine chromogen, as described elsewhere (18) . The tissue sections were also subjected to a microwave pretreatment protocol for antigen retrieval (16) . The sections were then stained for E. bieneusi with specific MAbs (1D4 and 2G4). An irrelevant control mouse IgM MAb was included in the assay. Rhesus macaques (Macaca mulatta) were housed at the New England Primate Research Center in a centralized animal biolevel 3 containment facility in accordance with standards of the Association for Assessment and Accreditation of Laboratory Animal Care and Harvard Medical School's Animal Care and Use Committee. Animals were tested and found free of simian retrovirus type D, SIV, simian T-lymphotropic virus 1, and herpes B virus before assignment to experimental protocols.
Cross-reactivity studies. MAbs were analyzed for their cross-reactivity with cell culture-grown microsporidia of the genus Encephalitozoon (E. intestinalis, E. cuniculi, and E. hellem), Vittaforma corneae, Candida albicans, Staphylococcus aureus, and fecal Escherichia coli.
Immunoblotting. The antigenic profile of E. bieneusi spores was studied by immunoblotting utilizing serum from both mice and rabbit. Reactivity of MAbs with spores was also determined by immunoblotting. Spores (7 ϫ 10 6 /lane) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions and electrophoretically transferred to a 0.2-m-pore-size nitrocellulose membrane (Bio-Rad Laboratories, CA). After transfer, the membrane was blocked with 5% nonfat dried milk powder in PBS containing 0.1% Tween 20 at room temperature for 1 h, washed, and incubated with mouse and rabbit anti-E. bieneusi sera at dilutions of 1/200 and 1/100 in PBS containing 0.1% Tween 20, respectively, again at room temperature for 1 h. The membrane was also incubated with the MAbs. Unrelated mouse IgM MAb and preimmunized mouse and rabbit sera were used as controls. Following washing, strips were incubated with horseradish peroxidase-conjugated goat antirabbit IgG (Sigma) or goat antimouse IgG plus goat antimouse IgM (Southern Biotech) at a dilution of 1/1,000 for 1 h at room temperature and then washed and developed with the TMB peroxidase-substrate system (KPL).
Detection of E. bieneusi spores in fecal samples by PCR and MAbs. DNA was extracted from feces, and PCR and nested PCR were performed as described elsewhere for amplification of rRNA gene sequence of E. bieneusi (7) . MAbs were used on human and monkey fecal smears to detect E. bieneusi spores by immunofluorescence.
Immune electron microscopy. E. bieneusi spores were incubated at room temperature in 1% bovine serum albumin in PBS for 45 min to block unbound sites and then for 120 min with the MAb 2G4 at concentrations of 1 mg and 0.2 mg/ml. An unrelated IgM MAb was used as an isotype control. The spores were washed with PBS three times and incubated for 60 to 120 min with goat antimouse Ig labeled with 10-m gold particles (Sigma). The spores were again washed with PBS three times and fixed at room temperature in 4% paraformaldehyde-0.4% glutaraldehyde in 0.15 M Na cacodylate buffer (pH 7.2) for 30 min. They were then rinsed three times at 10-min intervals in 0.1 M ammonium chloride in cacodylate buffer and one time for 10 min in cacodylate buffer alone. After ethanolic dehydration, the material was embedded in LR WHITE resin. The sections were mounted on gold grids, washed, and examined after the electron microscopy.
RESULTS
MAbs and their reactivity with the spore wall. After six fusions and three cloning procedures, eight hybridoma clones were generated that were reactive against E. bieneusi (Table 1) . All MAbs (1D4, 3E9, 2B2, 2G4, 2E9, 4B2, 4C9, and 4C3) were IgM. They were produced in bulk as concentrated cell culture supernatant in Integra Celline 1000 flasks (IBS Integra Biosciences, Baar, Switzerland).
Reactivity of MAbs. All MAbs reacted strongly with the E. bieneusi spores. Reactivity of a representative MAb, 2G4, with an exospore is shown in Fig. 1 and 2 
. Storage of the MAbs at
Ϫ70°C did not affect reactivities of any of the MAbs except the MAb 1D4 (Table 1 ). The reactivity of 1D4 was reduced from a strong to a weak reaction after the first testing following 1 month of freezing, without further deterioration. Fixation of spores with acetone had no effect on reactivity with the MAbs, but it was severely affected by fixation with methanol and paraformaldehyde ( Table 1) . Whereas methanol fixation did not entirely abolish reactivity of any of the MAbs, paraformaldehyde fixation eliminated reactivities of two MAbs (2G4 and 4B2). Periodate and enzymatic deglycosylation did not impact the extent of reactivity of any of the eight MAbs (Table 1) .
Cross-reactivity. None of the MAbs reacted with E. intestinalis, E. hellem, E. cuniculi, Staphylococcus aureus, or Escherichia coli by indirect immunofluorescence.
Immunohistochemistry. MAbs 1D4 and 2G4, reacted by immunohistochemistry with macaque tissue infected with E. bieneusi, identified intracellular parasites at the basal perinuclear location in gall bladder epithelial cells (Fig. 3) .
Immunoblotting. None of the MAbs reacted in immunoblots. However, rabbit and mouse polyclonal specific antibodies (27) reacted with two antigens of 33,000 and 35,000 Da (Fig. 4) .
Detection of spores in feces by MAbs. All MAbs reacted by indirect IF with E. bieneusi spores in human and monkey fecal smears. Some MAbs gave background fluorescence; however, reactive spores were still very strongly and clearly identifiable. The MAb 2G4 did not give any background fluorescence ( Fig.  5) and was selected for the detection of spores in fecal samples of infected humans and macaques. The rabbit antisera also did not give background fluorescence. A comparative evaluation of the 2G4 and rabbit antisera with PCR was performed as shown in Table 2 , indicating equal sensitivities of antibodies with primary but not with nested PCR. MAb 2G4 was also analyzed for E. bieneusi detection with human stool samples. A total of 35 human stool samples were analyzed, and 5 were found positive by the first PCR and also by immunofluorescence with the MAb 2G4 (Table 3) . 
DISCUSSION
In a previous publication we described the development of methods for concentration and purification of E. bieneusi spores from human with watery diarrheic stool, which led to the production of rabbit polyclonal specific antibody (27) . In this communication we describe the generation and characterization of eight MAbs against E. bieneusi using the same concentration and purification procedures. Despite four immunizations and six fusion attempts, we were unsuccessful in our attempts to immortalize IgG-producing hybridoma. Carbohydrate antigens are known to induce strong IgM responses (4), but despite treatment with periodate and enzymatic deglycosylation, no loss of reactivity of any of the eight MAbs was observed. Since lipids are also known to induce strong IgM responses (17) , the MAbs will be evaluated accordingly. It is important to point out that fixation of spores with methanol for 10 min, which is a known lipid solubilizer (21) , almost entirely eliminated reactivity of six MAbs and reduced the reactivity of two MAbs to half. But methanol is also known to cause alteration in the structure of proteins due to disruption of hydrophobic bonds which contribute to the maintenance of the tertiary structure of proteins (2, 3) , and therefore, the loss of MAb reactivity could also be due to the denaturation of the protein epitopes. In contrast to methanol fixation, the fixation of spores with another lipid dissolver, acetone, which dissolves simple lipids and glycolipids but not phospholipids (14, 15) , did not affect the reactivity of any of the MAbs. If the antibodies are against lipid antigens, then either spore fixation time with acetone (10 min) was insufficient to dissolve lipids or the MAbs are against phospholipid antigens.
Of the eight, MAb 2G4 reacted with E. bieneusi spores in stools from monkeys and humans without background fluorescence, which makes it an ideal diagnostic reagent. The MAb was comparable to the polyclonal rabbit antisera in its efficacy. The use of MAbs should replace the labor-intensive and highly specialized PCR procedures that are currently used for quantitative detection of E. bieneusi in stool (22, 25) . Since 2G4 did not detect spores in those macaque stool samples that were positive by nested PCR, only first PCR was performed with human stool samples. Also, the nested PCR is not particularly useful for clinical laboratories because of the possibility of contamination. Therefore, the sensitivity of the MAb 2G4 is equivalent to that of the first PCR, which is the most likely clinical lab test that can be performed today. The sensitivity and specificity of MAb-based spore detection will be compared with detection by real-time PCR in future. Labeling of 2G4 with fluorescent dyes will make it possible to apply the reagent to direct immunofluorescence testing. Since MAb 2G4 recognizes intracellular stages of the parasite, it will also be a suit- a Spores were counted in 10 microscopic fields at a magnification of ϫ400. b ϩ, 40 to 100 spores; ϩϩ, 101 to 400 spores; ϩϩϩ, 401 to 1,000 spores; ϩϩϩϩ, Ͼ1,000 spores. able reagent for determining tissue distribution of E. bieneusi in infected hosts.
Information on antigens of E. bieneusi does not exist. Though MAbs did not react with E. bieneusi antigens in immunoblots, the polyclonal antibodies demonstrated the existence of at least two antigens of E. bieneusi of 33,000 and 35,000 Da. These antigens seem to be important immunodominant antigens, since only they were recognized by antisera generated in two different animal species (rabbit and mouse). The nonreactivity of MAbs in blots could be due to insufficient antigen in the blot or the destruction of the epitopes by the SDS-PAGE procedure.
In conclusion, the availability of MAbs against E. bieneusi will facilitate and simplify considerably the future diagnosis of this infection in humans and should make it possible to conduct comprehensive and systematic epidemiologic investigations regarding the true prevalence of this infection not only in the human immunodeficiency virus/AIDS population but also in the general populations in developing and in developed countries. It will be possible to trace the source of the infection, whether from contact or water or both, and the occurrence and distribution in other mammalian species. The MAbs will also be useful tools for studying immunodominant antigens and will help in isolating and characterizing surface proteins that may play a role in parasite attachment and invasion of the host cell.
